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INTRODUCTION

The lateral solute segregation that results from a curved solid-liquid
interfac.- shape during steady state unidirectional solidificziion of a binary
alloy sysiem has been studied both analytically and numeri.ally by
Coriell, Boisvert, Rehm, Sekerka (1). The system under their study is a two
dimensional rectangular system. However, most real growth systems are
cylindrizal systems. Thus, in a previous study(2) we have followed Coriell
etc. fermalism and obtained analytical results for lateral :oiute segregation
for an azimuthal symmetric cylindrical binary melt system during steady
state solidification process. The solid-liquid interface shape is expressed as
a series combination of Bessel functions. In this study a computer
progi. has been developed to simulate this lateral solut. segregation.

FORMALISM

In this section we present the basic equation and boundary condition
used in this calculation. The diffusion equation for an azimuthal system is

l._'Lazc'(r',z')%1'ac'(r",z')+82c'(r',z')ﬁ*vac'(r',z'):0
Ir'2 r' odr 922 20z (1)

Where D is diffusivity of solute in the liquid, V is the velocity of
solidification,c',r', z',w' are dimensional solute concentration, radial and
axial coordinates, and interface thickness. The boundary conditions are

VC'r(k-1)=D (ac.;:::') - BC’;::;z')av;z‘") | 2) c'(rz')=co._._______ (3)
WCCL) ) g o
L (4)

Where k is distribution coefficient. The variables can be
nondimensionalized by letting c=c'/co, r=r'/R, z=z'/R, w=w'/R and B=VR/D
where R is radius of the ampule. The diffusion equation and the boundary

conditions become
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ae(r, z) . 1ac(r z) azc(r z) ac(r,z)____o

ar2 T ar 022 9 (5)
_dC(r,z) _9C(r,z)dw(r)
e e . 6)
dC(r,z)
o) 0 at r=1
c(r, z=co)=1 7 ar (8)

In the limits of very small B, by using variable separation method,
equation (5) can be solved to give

b 2 1/2
c(rz)=Ado(arje, "+l 2 0, (9)

From boundary condition ¢(rz==)=l We have A'=]

BC(r z)
at r=1
From boundary condition or , We have
aJOﬂ:--a;h(ar):O
O e (10)

let Un be the zeros of J 1(0(), where n=1 to infinite.

142y’
By using p(n) to denote p . The general solution is

)3 AnJo(unr)e_“*"‘“’] E

=1+1Ke-pz-wo+
C(PZ) 1+Te 2-Wo n=1

There is another boundary condition which needs to be satisfied, i.e.

_0C(r,z) _9C(r,z)ow(r)
BCI(k—l) a Zy al'[ al‘ ___________________________________ ( 1 2)

The solid-liquid interface shape is assumed to be parabolic &2 and
is expressed as a series combination of Bessel function, i.e.
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w(r)=wo+ 3 &n)Jo(ugr)
N=1 . (13)

dw(r)
Assume both w(r) and dr to be small, We obtain the solute
concentration at the interface to be

1 (l-k)i &(m)Jo(unr)

eI(r,2)= - net R2KMp()-1 (14)
CS|(T:Z)=kC|
s _On)Jo(uar)
=1-p(1-k 3 —AWo(nr)
W oo (15)

This shows that the solute concentration in the solid at the
interface is a function of w(r), B and k.

NUMERICAL CALCULATIONS AND RESULTS
The results obtained from these calculations show that

(1) The solute concentration at the interface at r= 0.7 which were
calculated by using the general expression eq (11).with n from 1 to i is
denoted by C3i. The same value calculated by using the approximate
expression eq(15).with n from 1 to i is denoted by C4 The results in
figure 1 show that if we have include more than 40 terms in the
calculations, the two expressions give almost exact results.

(2) .The solute concentration in the solid at the interface obtained
analytically show that the compositional segregation in the solid is
proportional to the deviation of the interface from planarity. The
proportional factor being the product of B and (1-k). The solute
concentration at the interface Csi(®X) calculated by using the general
expression and by using the approximate expression for a small B limit
agree very well.The results for B =0.173, k=4 and § = 0.05, 0.1, 0.2,
0.375 and 0.4 are calculated and the result for § =0.375 is shown in
figure 2.The results of Clj were calculated by using the general
expression eq (11) with n from 1 to 89, while the results of €2 were

calculated by using the approximate
XLV-3



P-ATX
"1X9) 99s uonde)) § aInfig "1X3) 99s uonde) ‘¢ amsig

b
0 = yp

n =§p } LE995T) = 79
o =TP
§0°0 = 1P

=X

0=x

L~
1)

= 2
1.01+LSE9. " o . .

. id
1 OV LSEOLLT = =

1%3) 99s uonde) -z aingyy "1%3) 99s uonde)) ‘1 amsLy

o o - ‘0 0
1 80 90 ¥o 4 60 0ot (] 0 or 4 0 6660

-
-
-
-

gl s

L + 100°1

| { 1 1 "1

"} J81 Ul | e|qe} ul teyy se i ~puadep ¥ pue ¢ Te[IWIS dARY S) NSl

9S9YL ‘[=X pPUB O=X Je PI[OS oY) uI (x)H 90BLISIUI Sy} JB UORIIUSOUOD
oIn[os a3 oAb em ‘@ pue ‘g ‘y jo SOnjeA snouea oy ‘L sjqe; uj g

‘SDIpEI S)T Jo uonounj e se odeys

SWIES oY1 oAey [ sopmyjduwre SoBJISIUI JUSISJIIP 10J (x)sH 9oBJISIUT
o1 Je UOnEnUSOUOd AANjOS JY) 1By MOys o3y ur sjnsar 9yy ‘4

"PAISPISU0D2I 9q

03 PdU L£996°TI= ¢ 1Iof synsar oyl * ¢ qrews 10] PIfeA st yomym(gy)ba

uoissaxdxs ojewrxordde oy 3ursn £q pojernoes ore s1nsaiasay .

LEYISTTT PUE 6€99CT°T “.299GZI0= ¢ 10J 90BLIoMUI 9y} Jo 23pd

o) ‘I=X pUB 90BJISUI JY) JO IUAD o) ‘0=X y0q e uoneIAdp odeys

SdejIour Yy jo spmydwe sy 03 [euonsodoxd Apresurf sr (X)) 20BJI0)UI
903 J& UONERUSdUOD N[0S dY) 1By moys ¢ a3y ur s)nsar Ayjy, ‘¢

‘68 01 [ woly u yum (g1)be uorssordxs



0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
-1

0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1

B

4-3.14

0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
nat

4314
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1

Csl(O)

0.05 09972

0.1
0.2
0.3
0.4

0.5.

0.6
0.7
0.8
0.9
10

)

0.05
0.1
0.2
0.3
04
0.5
0.6
0.7
0.8
0.9
1.0

0.9944
0.9887
0.9831
0.9775
0.9719
0.9662
0.9606
0.95498
0.9494
09437

Cd( 0)

0.973
0.9459
0.8918
0.8378
0.7837
0.7296

0.67553
0.62145
0.5674
0.5133
0.4592

Cﬁ(l)

1.003
1.006
1.011
1.017
1.022
1.028
1.034
1.039
1.045
1.05
1054,

Cd(l)

1.027
1.05s
1.109
1.164
1.218
1.273
1.328
1.382
1.437
1.491
1.546 |

10
10
10
10
10
10
10
10
10
10
10

RN NN DD LR o

Kk ——
4-3.14

0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01

4-3.14
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01

0.05
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0

0.05
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.3
0.9
1.0

Csico)

1.0029

1.0058 °

1.0117
1.0175
1.0233
1.0292
1.0350
1.0408
1.0467
1.03%>
1.0583

Ca(0)

1.0204
1.0408
1.0815
1.1223
1.163
1.2038
1.2445
1.2853
1.3260
1.3668
1.4076

r'NNNNNNNNNNN

Kk 2
4-3.14

0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1

4-3.14
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1

Table 1. Solute segregation for solid-liquid interface shape

various values of k, B, and &
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